Ribosomes require the activity of associated GTPases to synthesize proteins. Despite strong 15 evolutionary conservation, the roles of many of these remain unknown. For example, LepA (also known 16 as elongation factor 4) is a ribosome-associated GTPase found in bacteria, mitochondria, and 17 chloroplasts, yet its physiological contribution to cell survival is not clear. Recently, we found that loss of 18 lepA in Mycobacterium smegmatis (Msm) altered tolerance to rifampin, a drug that targets a non-19 ribosomal cellular process. To uncover the determinants of LepA-mediated drug tolerance, we 20 characterized the whole-cell proteomes and transcriptomes of a lepA deletion mutant relative to a wild-21 type strain. We find that LepA is important for the steady-state abundance of an outer membrane porin,
Introduction

42
Bacterial cells rely on transcription and translation to create a homeostatic proteome that is 43 suitable for cell growth, yet adaptable to changing environments. From our first understanding of the 44 regulation of the trp operon [1], post-transcriptional responses were thought to provide additional input was affected by the loss of LepA, we measured simultaneous steady state levels of proteins and 2C). Together, these data show that loss of lepA leads to a disproportionate decrease in porin-derived 152 peptides as compared to their encoding transcripts.
154
LepA controls permeability by increasing MspA abundance in the membrane
155
As our whole-cell proteomics data identified peptides that mapped to all four porins, we sought to 156 identify the porin whose translation was most affected by LepA. We fused each protein to a C-terminal 157 luciferase reporter and expressed the fusions in single copy in a merodiploid, a strain that continues to 158 produce the wild type copies of each protein. Using luminescence levels as a proxy for protein 159 abundance, we examined levels of each porin in the absence of LepA or in the presence of a wild type 160 copy or the GTPase null copy of LepA. The presence of functional LepA, but not the GTPase mutant 161 (LepA H109A) increased luminescence 2-3 fold for fusions with coding sequences of MspA, MspB, and 162 MspC, but not for MspD or luciferase alone ( Figure 2D ).
163
To further understand the cellular context of LepA-mediated control of Msp porins, we employed 164 an inducible CRISPRi strategy to transcriptionally deplete each porin individually (Supplementary 165 Figure 2C ) [60] . To assess permeability, we compared calcein fluorescence of each porin knockdown 166 in the presence or absence of LepA. Only depletion of mspA eliminated the LepA-dependent increase 167 in calcein signal ( Figure 3A ). mspA is one of the most abundant transcripts in the cell and is the most 168 highly expressed of the porins [61] . These data suggest that LepA-mediated regulation of MspA 169 abundance is primarily responsible for the observed lepA deletion phenotypes. As altered permeability 170 of mspA mutants can be assessed by a decrease in calcein and ethidium bromide fluorescence ( Figure   171 3B,C) [62] , we reasoned that if mspA and lepA were functioning in the same pathway, we should be 172 able to detect this by an epistatic experiment. Accordingly, we deleted mspA in the original lepA 173 deletion strain and measured fluorescence of both calcein and ethidium bromide (EtBr). We found that 174 the loss of both genes does not lead to a more severe reduction in calcein accumulation that the single 175 mspA mutant. Thus, lepA is epistatic to mspA in Msm, suggesting they function in the same pathway. absence of LepA (Supplementary Figure 2D) . Collectively, these data suggest that LepA is sufficient to 178 affect the translation of multiple porins, but that it mainly controls the translation of MspA, which in turn 179 mediates permeability to multiple compounds, including antibiotics.
181
LepA affects MspA abundance through mRNA sequence determinants 182 How does LepA recognize MspA as a target? LepA has previously been shown to interact with 183 the peptidyl-transferase center (PTC) of the 70S ribosome, and increase the amount of protein 184 synthesized [33, 63] . Because our data suggest that Msm LepA functions during translation to 185 selectively increase the abundance of a subset of porins, we hypothesized that the LepA-controlled 186 porins have sequence features that allow for LepA control of translation rate. Supporting this notion, we 187 find that in the absence of LepA, mspA transcript was less stable, likely because of less efficient 188 translation leading to increased transcript degradation [64] ( Figure 4A ). To define LepA-related features 189 of the porin, within either the mRNA sequence or the protein sequence, we took advantage of the fact 190 that LepA affects the abundance of MspA-C and not MspD. Previous LepA ribosome profiling data from 191 E.coli implicated the presence of certain glycine codons in transcripts with an altered translation rate 192 [41, 42] . We found a 2-3 fold increase in the use of the glycine codon 'GGT' in mspA-C relative to mspD 193 (Supplementary Figure 3A ). However, we found that replacing these with synonymous codons did not 194 abolish the LepA-dependent increase in luminescence signal (Supplementary Figure 3B ,C). Although 195 the amino acid sequences of MspA and MspD have a high average pairwise-identity (82%), the 196 nucleotide sequences are less similar (average pairwise identity of 75%). Therefore, we hypothesized 197 that variants in the transcript sequence may contribute to LepA-dependence. We randomly re-assigned 198 codons in the mspA gene by sampling from two different probability distributions: the codon bias of the 199 Msm genome (GC-rich) and the inverse codon bias relative to the Msm genome (AT-rich). Changing 200 the transcript sequence decreased the effect of LepA on porin reporter abundance ( Figure 4B ). Thus,
201
LepA modulation of MspA abundance occurs through sequence determinants in the mRNA.
To determine the location of such sequences that may confer LepA control to a coding 203 sequence, we compared MspA-D sequences in search of regions that might determine LepA control.
204
The alignment of MspA-D (Supplementary Figure 2B ) suggests that the most divergent part of the 205 sequence resides in the signal sequence region (the first 30 codons). To test whether a LepA-mediated 206 increase in porin abundance is due to the nature of the signal sequence, predicted signal peptide 207 coding sequences were translationally fused to the luciferase gene, and expressed in the presence or 208 absence of LepA. We found that the presence or absence of LepA did not affect production of MspA-D 209 signal sequences through luminescence (Supplementary Figure 3D ). To further investigate sequence 210 determinants, we constructed chimeras of mspA and mspD to map the location in the coding region 211 that was LepA-sensitive. Each chimera contains mspA coding sequence at the 5' end and mspD coding 212 sequence at the 3' end (Supplementary Figure 3E , Figure 4C ), followed by a luciferase fusion. We
213
found the strongest influence of LepA on mspA 1-195 -mspD, with mspA 1-135 -mspD also displaying some
214
LepA-mediated increase in luminescence ( Figure 4D ). This indicated that a sequence determinant 215 within the first 195bp, but after the signal sequence, was responsible for the LepA-dependent increase 216 in expression. Additionally, we noted the decrease in LepA-dependent signal in the mspA 1-258 -mspD 217 chimera, indicating that the sequence determinants required for optimal LepA effect are complex.
218
To further define the contribution of this ~100bp region to LepA control of reporter signal, we 219 constructed a series of chimeras containing mspA sequence fragments followed by the luciferase 220 reporter ( Figure 4C ). The fusion containing the first 195 bp of mspA alone produced a statistically 221 significant increase in protein due to LepA that was biologically comparable to the increase in MspA 222 levels due to LepA ( Figure 4E ). Taken together, these data suggest that the LepA control of MspA 223 abundance requires an mRNA sequence near the 5' end of the transcript, immediately downstream of 224 the signal sequence. We hypothesized that the presence of this sequence-based control contributed to 225 the synthesis of a functional porin in Msm. To examine the influence of mRNA elements on cellular 226 permeability through LepA, we used the previously-constructed luciferase fusion reporters, all 227 expressed from the same strong constitutive promoter. At baseline, the lepA+ strains displayed higher calcein fluorescence than those that lacked lepA. Yet, the addition of an extra porin did not always 229 increase calcein fluorescence correspondingly. Only the presence of the mRNA elements, which 230 increase reporter levels through LepA, correlated with an increase in calcein staining ( Figure 4F ).
231
Specifically, the addition of LepA-controlled porin reporters, such as MspA-luciferase or MspA 1-195 -232 MspD-luciferase, increased calcein permeability. Porin reporters, whose levels were unaffected by 233 LepA, such as the recoded MspA-luciferase and MspD-luciferase, did not increase the permeability of 234 the mycobacterial cells, and the presence of LepA did not augment calcein permeability in these 235 strains. These data suggest that production of a functional porin in the outer membrane depends on the 236 both the activity of LepA and corresponding codon bias in the porin transcript.
238
Discussion
239
LepA is highly conserved across the kingdoms of life, yet its cellular role remains unclear. In E. 240 coli, LepA globally influences translation through ribosome biogenesis, something we did not observe in 241 Msm [34, 42] . Instead we find that in Msm, LepA influences the abundance of porins, the major outer 242 membrane proteins of this organism. While the lepA mutants are viable, they have a very specific 243 permeability defect. This finding suggests a rather specialized function for LepA. We observe 244 transcriptional upregulation of a number of membrane/transport proteins in the absence of LepA, further 245 underlining the membrane defect as the major consequence of losing LepA. Additionally, a number of 246 observations exist from genome-wide transposon screens, indicating that LepA plays a critical role, 247 likely at the membrane. In fact, these data suggest, that while lepA is non-essential for in vitro growth of 248 Mycobacterium tuberculosis (Mtb), lepA-strains grow poorly during murine infection [65] . We speculate 249 that synthesis of membrane proteins may be increased or is more costly during infection, necessitating 
266
Altering the translation rate could have profound effects on protein folding, particularly for a 267 secreted protein such as a porin. Sequence elements that control translation rate can help 268 accommodate the initiation of Sec-dependent translation as the nascent peptide emerges from the exit 269 tunnel [74] [75] [76] . Binding of LepA to the ribosome, facilitated by a series of rare codons, could alter the 270 rate of translation, thus changing the folding of the nascent peptide and affecting its ability to be 271 recognized by the secretory system or other factors ( Figure 5 ). Certainly, a ribosome carrying a nascent 272 signal peptide can interact with a number of distinct components of the Sec system, which enable co-273 translational secretion of membrane-destined proteins [10, 77, 78] . It is well-established that translation 274 rate is intimately tied to protein folding [79], thus, we do not divorce LepA's activity from either of these 275 outcomes. We suspect that the LepA's interaction with the mspA message results in a change in 276 translation rate, affecting the folding of the nascent, secreted peptide into the membrane.
277
What then is the physiologic role of LepA and the functional significance controlling protein 278 synthesis for a subset of proteins? Our data suggest that LepA has a constitutive role in aiding the translation and folding of a set of proteins with particular characteristics. This model implies that some 280 proteins are either difficult to make, fold or insert into their proper niche in the cell, e.g., the outer 281 membrane. MspA is one of the most abundant transcripts in the cell; therefore, it is plausible that a 282 significant proportion of ribosomes are translating MspA at any given time. Improper synthesis of MspA, 283 either through the toxic protein product, or stress on ribosome populations, could represent a significant 284 stress on the cell and justify a role for a more or less dedicated factor to aid in translation and folding.
285
Why is LepA so conserved? In other cellular systems, LepA's function appears to be related to 286 expression of abundant membrane proteins. In mitochondria, LepA is associated with the membrane 287 and alters the levels of inner membrane respiration complexes through its activity at the ribosome [37, 288 48, 80]. In Arabidopsis thaliana chloroplasts, LepA associates to the thylakoid membrane, and its 289 absence was associated with a reduced production of photosystems I and II components [36] . It 290 appears that LepA plays a similar role in these different organisms and organelles, contributing to the 291 production of important membrane structures. In bacteria, the location of sequence determinants for 
537
Bacterial strains and growth conditions: Msm strains were inoculated from frozen stocks into 538 Middlebrook 7H9 medium supplemented with 0.2% glycerol, 0.05% Tween-80, and ADC (5g/L bovine 539 serum albumin, 2g/L dextrose, 3 mg/L catalase) and grown at 37C. Appropriate antibiotics or inducing 540 agents were used at the following concentrations in Msm: nourseothricin (Nat, 20 g/ml), zeocin (Zeo, 541 20 g/ml), kanamycin (Kan, 25 g/ml), hygromycin B (Hyg, 50 g/ml), anhydrous tetracycline (aTc, 100 542 ng/ml). Transformations, performed for the construction of Msm strains, were plated onto LB (Luria 543 Broth) (LB) agarose plates supplemented with the appropriate antibiotic. Unless otherwise specified for 544 an experiment, strains were grown to log-phase (OD 600 0.3-0.8) without antibiotics. For cloning 545 purposes, E. coli strains were grown in LB broth or on LB agar with antibiotics used at the following 546 concentrations: Nat (40 g/ml), Zeo (50g/ml), Kan (25 g/ml), and Hyg (100 g/ml).
548
Bacterial strain construction: All bacterial strains constructed in this study are found in 549 Supplementary Table 2 . Description of the plasmids, primers, and recombinant DNA used to construct 550 the strains can be found in Supplementary Table 3 
559
Deletion mutants: The lepA mutant, ∆lepA::zeo (HR334), and the mspA mutant, ∆mspA::zeo (HR329) 560 were a generous gift from E.H. Rego [46] . The ∆lepA::zeo ∆mspA::hyg strain (SF789) was constructed 561 with HR334 as the parental strain, using double-stranded recombineering. For recombination, a linear 562 dsDNA fragment was generated by amplifying the following fragments: 500 bp upstream region of 563 mspA, 500 bp downstream region of mspA, a lox-hyg-lox fragment. The three fragments were ligated 564 together using Gibson assembly. The deletion cassette was transformed in to an Msm recombineering 565 strain as previously described [86, 87] , and plated on Hyg to select for double mutants. 
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Luciferase assays: Strains were grown to log-phase and luciferase assays were conducted 738 using Nanoglo Luciferase Assay System (Promega, Fitchburg, WI). Briefly, 100 μL of cells were 739 mixed with 100 μL of Nanoglo reagent (prepared as kit protocol described). Within 2 minutes, 740 luminescence measurements were taken in a TECAN Spark 10M plate reader with integration 741 time of 1000ms. OD 600 was also measured in each well, and luminescent values were 742 normalized by OD 600 to obtain relative luminescence values.
744
Porin knockdown and contribution to LepA phenotype: Strains were grown to log-phase, diluted 745 back into media with or without aTc, and allowed to grow for 15 hours to reach log-phase. Cells were 746 stained with calcein-AM and analyzed by flow cytometry in biological triplicate, as described above.
748
Ethidium bromide uptake assay: Strains were grown to log-phase, washed with PBS-0.4% glycerol 749 (PBS-G) and prepared at an OD 600 of 0.8. 100 μL of each strain was mixed with 100 μL 4 μg/mL of 750 ethidium bromide (prepared in PBS-G) in a 96-well plate. Fluorescence was measured in a TECAN 751 Spark 10M plate reader, using an excitation of 520 nm and emission of 600 nm. 
